The trigeminal system is a chemosensory system participating in the perception of most odorants, which allows for the perception of diverse sensations including the freshness of eucalyptus or the spiciness of pepper. The lateralization task, that is, the identification of the stimulated nostril in a monorhinal stimulation paradigm is only possible following trigeminal stimulation and allows therefore for the assessment of the trigeminal sensitivity also in a clinical setting. In this study, we aimed to determine the effects of the duration of stimuli on the lateralization task. To this end, we asked 32 young and healthy subjects perform the lateralization task while being exposed to eucalyptol stimuli ranging between 100 and 1250 ms. We found that participants performed on average at chance for stimuli shorter than 500 ms, and observed increasing accuracy for stimuli with longer durations. In conclusion, these data suggest that 500 ms represents a threshold for the lateralization of eucalyptol stimuli. Therefore, when trigeminal sensitivity is tested in a clinical setting, eucalyptol stimuli should have a duration of at least 500 ms.
Introduction
The trigeminal system is a third chemosensory system next to smell and taste. It conveys chemosensory information from the mucosae of the mouth, the nose, and the eyes to the brain via the trigeminal nerve, the fifth cranial nerve, which is responsible for the sensitive innervation of the skin and the mucosa of the face. It allows for the perception of different sensations caused by chemical substances, like the cooling of peppermint (McKemy et al. 2002) or the burning of hot peppers (Caterina et al. 1997) . These sensations stem from the interaction of the substances with specialized chemoreceptors located on fibers of the trigeminal nerve.
One common problem when investigating the trigeminal system is the fact that most trigeminal stimuli also activate olfactory receptor neurons, and thus the olfactory system. Importantly, they activate the olfactory system at lower concentrations than the ones needed for stimulation of the trigeminal system (Doty 1975; Abraham et al. 2007; Kleemann et al. 2009 ). As a consequence, it is impossible to establish detection thresholds based on perception alone, since, when going from lower to higher concentrations, stimuli evoke olfactory sensations first, and trigeminal sensations only later (Wysocki et al. 2003) . There is however a psychophysical method to disentangle olfactory from trigeminal stimulation: in a monorhinal stimulation design, the stimulated nostril can only be identified if the stimulus activated the trigeminal system. In other words, when a stimulus is delivered to only one nostril, we can only localize it if the stimulus activated the trigeminal system; we cannot do this task with pure olfactory stimuli (Kobal et al. 1989) . This seems to be true for humans, but not for some other animals such as sharks (Gardiner and Atema 2010) and rats (Rajan et al. 2006) . In fact, the more a substance stimulates the trigeminal nerve, the more easily we can localize it (Kobal et al. 1989; Frasnelli et al. 2011b ). This characteristic permitted the development of a tool to evaluate an individual's trigeminal sensitivity by means of the lateralization task, based on the localization of a stimulus applied to a single nostril at a time. The commonly used approach is to stimulate participants in one of the nostrils, randomly chosen per trial, a given number of times, typically 40, and to count the number of correct nostril identifications . This approach serves well when trying to discriminate individuals with reduced sensitivity from those with normal sensitivity , but is somewhat less suitable for distinguishing between different levels of normal sensitivity, due to an important ceiling effect (Frasnelli et al. 2011a) .
When performing the lateralization task, stimulation can be passive, that is, the experimenter blows a given volume of odorized air into the participant's nostrils while they breathe normally. Alternatively, the stimulation can be active when the participants sniff from an odor containing vessel ). While in the former condition the experimenter has control over both the concentration and the duration of the stimulus, the latter method does not allow control of the stimulus duration, as it entirely depends on the participant's sniff duration. However, stimulus volume is extremely important in this context as the trigeminal system acts as a mass detector rather than a concentration detector (Cometto-Muniz and Cain 1984; Cometto-Muñiz et al. 1998) . This concept describes the fact that the trigeminal system integrates the total number of molecules over time and therefore detects the total mass of the stimulus within a time frame rather than detecting the stimulus concentration. As a result of this, there is an important time-concentration tradeoff in the trigeminal system Wise et al. 2007 Wise et al. , 2009a Wise et al. , 2009b Wise et al. , 2010 . In other words, in order to achieve the same stimulus intensity (e.g., a detection threshold), one can either increase the stimulus concentration, increase the stimulus duration (e.g., by sniffing longer) or increase the stimulus volume (e.g., by sniffing more vigorously; Frasnelli et al. 2011b) . All 3 approaches result in an augmentation of the total mass of the stimulus, that is, the total number of molecules. If by doing so, the stimulus becomes perceivable, it indicates that the total mass has reached the detection threshold for the individual. In line with this, a recent article suggested to use different stimulus durations in order to establish detection thresholds for trigeminal stimuli (Naka et al. 2014 ). This technique is promising, as it may help detecting small differences in sensitivity, especially within the group of individuals with a normal sensitivity.
We set out to investigate the effect of stimulus duration on its localizability more closely. Specifically, we investigated to what extent healthy participants are able to localize trigeminal stimuli with durations varying between 100 and 1250 ms. We had 2 hypotheses: first, for a given stimulus concentration there is a minimal duration threshold below which the localization of monorhinally presented stimuli is at chance; second, above this threshold we observe a tradeoff relationship between concentration and time with longer stimuli leading to better performance. We opted to investigate this for eucalyptol, a stimulus commonly used for this kind of research, which has the advantage of being liquid and thus easily handled at room temperature.
Materials and methods
The study was performed according to the Declaration of Helsinki and all participants provided written consent after being acquainted with the details of the study. The study was carried out at the Chemosensory lab of the Center for Advanced Research in Sleep Medicine at Montreal's Sacré-Coeur Hospital and approved by the local Ethics Committee (Sacré-Coeur Hospital). The room used for testing was well ventilated.
Participants
We included a total of 32 healthy young (18-35 years) participants. Participants were recruited via ads posted at the University of Montreal and on the Internet and prescreened with telephone questionnaires in order to make sure they did not meet any exclusion criterion. We excluded potential participants with self-reported neurological diseases, a history of traumatic brain injury or any psychiatric conditions as well as anybody who was taking drugs that interfere with cognitive process or people who were dealing with any kind of addiction. Subjects were asked not to smoke, eat nor drink anything but water one hour before the olfactory testing. Their appointment was moved if their nose was blocked. Informed consent was obtained from all individual participants included in the study.
Sensory evaluation
We only included participants with normal olfactory and trigeminal sensitivity. We ascertained normal olfactory function by means of the threshold test of the Sniffin' Sticks kit (Hummel et al. 2007 ). This test is based on felt-tip pens filled with either the rose odor (phenyl ethanol) diluted in propylene glycol (target) or only propylene glycol (distractor) instead of the ink (Hummel et al. 1997) . In order to test each nostril separately, participants blocked the contralateral nostril with a finger without pushing, to avoid deviation of the nasal septum or a deformation of the nasal cavity. Scores could range between 1 and 16, with 16 representing highest sensitivity. The test last approximately 20-30 min per nostril. We only included participants who had scores >6 on both nostrils, in accordance with normative values established earlier (Hummel et al. 2007) .
We ascertained appropriate trigeminal function by performing the lateralization task Kobal et al. 1989) . In this task, participants are presented with 2 stimuli containing bottles (60 mL), which are presented to each nostril simultaneously in a way that the content of each bottle is delivered to only one nostril. The target bottle contained 10 cotton balls soaked with 7 mL of pure eucalyptol (Novotaste), a pleasant and harmless trigeminal stimulus which is well known to participants, while the other bottle only contained the cotton balls. We used glass bottles with an odorless polyethylene cap with a diameter of approximately 2 cm. In these caps, we had drilled 2 holes with a diameter of 5 mm. The participants held the bottles to their noses so that one of the holes was placed directly under the nostril. The round caps sealed the nostril tightly, making sure that the air entering the nostril was exclusively coming from the inside of the bottle. The other hole in the cap provided supply of fresh environmental air (see Figure 1 for a schematic drawing). They then took one sniff and indicated which nostril they believed to receive the eucalyptol stimulus. We therefore used an active stimulation paradigm as opposed to a passive stimulation where air puffs are blown into the nostrils ). This was repeated 40 times with each nostril receiving the stimulus 20 times (pseudorandomized, counterbalanced). The trials were separated from each other by 40 s, in order to avoid habituation and/or sensitization of the trigeminal system . The test score was the sum of correct responses. Testing lasted approximately 30 min. We only included participants with a score of 26 or greater (above chance performance according to binomial distribution; P ˂ 0.05). A total of 4 subjects scored below this threshold and were excluded from further participation. We therefore included 28 participants in this analysis, 4 men and 24 women (mean age: 25.5 ± 5.1).
Trigeminal assessment
We assessed the effect of stimulus duration on stimulus localization by using a computer controlled olfactometer (Lundström et al. 2010) , via a PC with Psychopy toolbox (v1.80.03; psychopy.org) software in Python (version 2.7.3.; python.org). In short, this device delivers chemosensory stimuli to up to 8 different channels, with a precise air flow (2.5 L/min), onset and offset timing. Air in each channel runs through a container (30 mL glass bottle) in which liquid odorants can be injected. The air passes over the surface of the liquid odorant and is thereby odorized. We charged 2 channels with 5 mL of liquid eucalyptol (Novotaste) each (stimulus), while 2 other channels stayed empty (control). Each nostril was connected to one stimulus channel and one control channel via a polyurethane tubing (Fre-Thane 85A, Freelin Wade). During stimulation, one nostril received an odorized stimulus, whereas the other received an odor free air puff. We delivered stimuli with 6 different durations (100, 250, 500, 750, 1000, and 1250 ms). The participants' task was to identify the nostril that had received the eucalyptol stimulus. Participants received a total of 8 stimulations (4 on each side; pseudorandomized, counterbalanced) for each of these stimulus durations, resulting in a total of 48 stimulations. For technical reasons, the shortest 0.1 s stimulus was only presented to 25 participants; all other stimuli were presented to all 28 participants. To avoid habituation and/or sensitization, trials were separated by 40 s.
Procedure
During the task, participants were seated comfortably and looked at a computer screen showing a white cross. Once the cross turned red for 1000 ms, participants were instructed to exhale through the nose; then the cross turned green and the participants inhaled through the nose the whole time the cross stayed green (for 2250 ms). During this inhalation period, the olfactometer delivered the stimulus, with an onset of 200 ms after the beginning of the inhalation). Once the green cross on the screen turned white again, participants returned to normal respiration. They then identified the stimulated nostril by pressing the arrow keys on a keyboard. We counted the number of correct localizations for each duration and nostril as the localization score with a maximal score of 4 correct identifications. For a given duration, we further summed scores from left and right nostril to a score per duration with a maximal score of 8.
Analysis
Statistical analyses were performed by means of SPSS 20.0 (IBM). We used side (nostril; left, right) and duration (stimulus duration; 100, 250, 500, 750, 1000, and 1250 ms) as independent within subject variables, and with localization score as the dependent variable. Data was analyzed on a group level and individual by individual.
On the group level, we first computed a repeated measures ANOVA (with Greenhouse-Geisser correction) followed by pairwise t-tests (with Bonferroni correction) as post hoc tests to determine the effects of duration and side. Next, we calculated separate one-sample t-tests to determine whether localization scores were different from chance for each duration (with chance score being 4 of 8). To evaluate whether one nostril was favored over the other we assessed statistics of signal detection theory (Snodgrass and Corwin 1988) . First, we calculated d′ (a sensitivity index which indicates the separation between the means of the signal and the noise distribution) for each localization score by duration. Next, we assessed criterion c (an index which indicates a bias toward one or another nostril) for each localization score by duration. We then determined whether d′ or c were (a) significantly different from 0 for each duration (one-sample t-test), and (b) different between different durations (repeated measures ANOVA).
We then analyzed data individual by individual. To do so, we determined for each participant, whether a localization score for a given duration was significantly above chance. This is achieved when a participant scored correctly for at least 7 of 8 trials (binomial). It is important to point out that examining individuals one by one renders a much more conservative estimate of lateralization abilities. We then determined, for each duration the proportion of participants that had succeeded on the task and compared these ratios to each other (chi-square).
For all tests alpha was set at 0.05 and adjusted for multiple comparisons.
Results

Group analysis
The ANOVA revealed a significant effect of duration [F(3.54, 120) = 13.636; P < 0.001), but not of side, on localization score (see Figure 2 for differences between durations). We did not observe any effect of side. As a next step, we calculated for which duration localization scores were significantly different from chance. This was the case for durations 500, 750, 1000, and 1250 ms (all P < 0.001), but not for 100 and 250 ms. Then we determined d′ for the different durations. We observed a significant separation between signal and noise for the durations of 500 ms and above (see Table 1 for details). Finally, the criterion c we obtained for the 6 durations were neither different from 0 nor different from each other; this suggests that there was no tendency toward a particular side.
Individual analysis
When analyzing individual performances, only 1/25 and 2/28 participants showed a performance above chance at durations of 100 and 250 ms stimulus, respectively, while this number increased to 13/28, 13/28, 14/28, and 18/28 for 500, 750, 1000, and 1250 ms, respectively. Bonferroni corrected post hoc chi-square goodness of fit tests revealed that the ratios between durations 100 and 250 ms on one hand and the 4 longer ones on the other hand were all significantly different from each other (P < 0.05).
Discussion
We describe the results for a study on the effects of stimulus duration on the ability to localize the nostril for which monorhinal eucalyptol stimuli were delivered. We find that stimuli shorter than 500 ms cannot consistently be distinguished from noise yielding performance at chance level. Stimuli of 500 ms and longer however, could be localized while accuracy increased with stimulus duration.
We therefore observed an effect of stimulus duration on the localizability of monorhinally presented eucalyptol stimuli. Eucalyptol is inexpensive and harmless; it is therefore an important stimulus for testing trigeminal sensitivity in healthy individuals (Frasnelli et al. 2010) .
Although not yet used in a clinical context, eucalyptol is also used to evaluate trigeminal sensitivity in different patient populations, such as patients having reduced olfactory function or chronic rhinosinusitis (Saliba et al. 2016) . Specifically, we found that eucalyptol stimuli shorter than 500 ms cannot reliably be localized by participants screened for sufficient trigeminal sensitivity. The main message of this article is in line with previous research showing that the trigeminal system acts as a mass detector rather than a concentration detector (Cometto-Muniz and Cain 1984; ComettoMuñiz et al. 1998; Frasnelli et al. 2003) . After a series of carefully designed experiments (Wise et al. 2007 (Wise et al. , 2009a (Wise et al. , 2009b (Wise et al. , 2010 , Wise et al. mathematically approximated the relationship between stimulus concentration and stimulus duration with the following equation:
As a result of this relationship, a reduction of the concentration of a stimulus can generally be compensated by an increase of the duration time of stimulation, even if this compensation often fails to follow a perfect trade-off between duration and concentration (Wise et al. 2009b) . The parameter n is substance specific (Wise et al. 2007 ) and depends on physicochemical characteristics such as lipophilicity and diffusion ability which affect the stimulus molecules' ability reach the receptor in the mucosa (Wise et al. 2010) ; it is therefore important to study different potential stimuli before using them in a clinical context. A concentration-duration trade off in trigeminal perception has been shown for ammonia (Cometto-Muniz and Cain 1984) , carbon dioxide Wise et al. 2004) , ethanol (Wise et al. 2006 ) and homologous alcohols (Wise et al. 2010) , as well as homologous esters (Wise et al. 2009a (Wise et al. , 2009b . Here, we focused on eucalyptol and showed that stimuli shorter than 500 ms do not reach the threshold needed to localize the stimulus, at least within the present experimental conditions. It is important to point out that although we used neat eucalyptol, we did not measure its concentration in the vapor phase at the nostril or in the headspace of the delivery bottle. Previous studies measured vapor concentration. For comparison, for a 10% carbon dioxide stimulus, minimal duration needed for localization is 2.0-2.5 s (Wise et al. 2004) , while 4500 ppm ethanol becomes localizable when stimuli are 300 ms or longer (Wise et al. 2006) . Control of concentration is therefore crucial if one wants to compare between studies, or, for that matter, in a clinical context. Wise et al. further suggested that trigeminal thresholds also depend on subject-specific variables such as nasal bloodstream, nasal enzymatic action or mucociliary clearance (Wise et al. 2009a) . Accordingly, eucalyptol stimuli with a duration equal to or longer than 500 ms allows for a classification of individuals along a continuous degree of performance, within the normal range. In fact, roughly 50% of the participants were able to detect at least 7/8 stimuli for 500, 750, and 1000 ms, whereas this percentage increased to 64% for the longest stimulus. While this suggests that stimuli of duration between 500 and 1000 ms to be most sensitive for differences in trigeminal sensitivity, it also provides some argument to the hypothesis that participants can increase the probability to successfully lateralize the stimulus by simply increasing sniff duration or volume in an active stimulation design. In this context, it is interesting to note that stimulus volume has a major effect on localizability of different substances: whereas only menthol could be localized when using an 11 mL stimulus volume, roughly doubling the volume to 21 mL rendered 6 other substances localizable-including phenyl ethanol which is usually considered a pure odorant (Frasnelli et al. 2011b) . Thus, by increasing sniff volume-by either sniffing longer or more vigorously-individuals can lift a stimulus above a threshold and become able to localize it. In fact, average lateralization scores are higher for active stimulation than for passive stimulation, as we have found for phenyl ethanol ). With regards to olfactory perception, we know that natural sniffing provides the best method for odor detection (Laing 1983) . As a consequence, one would expect that individuals would adapt their sniffing behavior to an optimum.
The attentive reader may have noticed that the proportion of participants scoring at chance was relatively high, even for the longer stimulus durations. However, one has to be reminded that we used binomial statistics to determine individual by individual whether they scored above chance. Binomial statistics is a very conservative measure, especially with few repetitions (8 per stimulus duration). For a clinical setting, one could think about increasing the number of repetitions (e.g., by aggregating scores for durations longer than a given duration) or, maybe better, to compare individual scores to cutoffs obtained in normative studies.
Earlier studies suggested a dominance of the right nostril , possibly due to different brain activation patterns following left-or right-sided stimulation (Hummel et al. 2009 ). We could not confirm this. Future studies could investigate this with a larger sample size.
Conclusion
In conclusion, this study provides further proof to the notion that the trigeminal system acts as a mass detector. For the trigeminal stimulus eucalyptol, a duration of 500 ms may be optimal to investigate difference in sensitivity in young and healthy participants. In order to detect minor differences in trigeminal sensitivity it is important to precisely control stimulus duration and vapor concentration of the stimuli used. Our results indicate that researchers using the lateralization task to evaluate trigeminal sensitivity need to well control stimulus parameters such as duration, inhalation volume, and concentration.
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